Introduction
Protein modification is any transformation involving the formation or the rupture of a covalent, or partially covalent, bond of the protein under study (Cohen, 1970) , hence also the more general term 'covalent modification' (Brocklehurst, 1982) . Protein modification studies have so far aimed at: (a) the determination of the kind and number of reactive groups of the protein molecule under study, (b) the development of site-specific protein modifying agents, and (c) the elucidation of enzyme protein catalytic function. None of these objectives may be fully realized without a thorough kinetic analysis of the chemical reactions of the protein modification process. In this article a review of the kinetic approaches so far developed in the study of protein modification reactions will be presented. Emphasis will mainly be placed on formalistic descriptions of actual or hypothetical cases of protein modification, but aspects of molecular kinetics (influence of temperature on the rate of chemical modification) will also be considered.
Modification of enzyme protein is frequently accompanied by loss of enzyme catalytic activity (irreversible enzyme inhibition), and in such cases enzyme protein modification and inactivation are best studied simultaneously. Loss of enzyme activity may result if the protein molecule is modified in ways other than a straightforward derivatization of amino acid residues. Loss of protein tertiary and quaternary structure, modification of enzyme-bound cofactors, ligand binding and conformational isomerism of the protein are important from the kinetics point of view, in that these factors may determine the shape of the plot of concentration of modified residues versus reaction time. Enzyme activity loss, consequent to protein modification, may be complete or partial. In the latter case, inactivation may be the expression of a diminished V, or an increased K., of the enzyme, or both. It is because of considerations such as these that the kinetics of chemical modification of proteins cannot be considered entirely apart from the kinetics of such processes as heat denaturation of proteins, photoinactivation and radiationmediated inactivation of enzymes, and high-ionicstrength-mediated protein unfolding.
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Chemical modification of proteins, and irreversible enzyme inhibition, have been the subject of several monographs and reviews (Baker, 1967; Singer, 1967; Cohen, 1970; Shaw, 1970; Means & Feeney, 1971; Aldridge & Reiner, 1975; Glazer et al., 1975; Glazer, 1976; Kenyon & Bruice, 1977; Seiler et al., 1978; Brocklehurst, 1979; Sandler, 1980) . Radiation inactivation of enzymes has been reviewed by Kempner & Schlegel (1979) . An account of the denaturation of proteins by heat, urea, guanidinium salts, acids, bases, etc., is given by Laidler & Bunting (1973) .
Description of protein modification reactions by the use of rate equations The primary concern of the enzymologist, who is faced with the analysis of protein modification reactions, is to determine the formalism of the mathematical description of the case in question, and then to formulate the possible models of reaction mechanism which are consistent with the formalism. The (Bronson, 1973) . Differential equations may be further classified by whether the coefficients of all derivatives are functions of the independent variable or are constants (Bronson, 1973 (Bronson, 1973 .a a where A1 and A2 are the two sets of unmodified protein species, and k1 and k2 are the corresponding modification rate constants. The integrated expression for the sum of eqns. (6) and (7) (1960) . Ray & Koshland (1961) pointed out that an analysis of a protein modification curve into a summation of exponential functions of reaction time provides a measure for the number of amino acid residues of each reactive set, ifthe number of residues corresponding to [A] (Guggenheim, 1926; Kezdy et al., 1958; Swinbourne, 1960; Glick et al., 1978; Schwartz, 1981) or for certain first order consecutive or parallel reactions, by using absorbance-time measurements at two different wavelengths (Lachmann et al., 1980a,b) cepts of all fast-reacting components {this is the case for the reaction of the two essential cysteines of muscle pyruvate kinase with 5'-[p-(fluorosulphonyl)benzoyl]guanosine (Tomich et al., 1981) }. The analysis of protein modification data by the method of Ray & Koshland (1961) is often used to identify the, presumably, noninteracting sets of protein reactive groups, without the precaution of performing the modification reaction at two or more different modifying agent concentrations (e.g. by Martinez-Carrion et al., 1967; Chu & Bergdoll, 1969; Schirmer et al., 1970; Grouselle & Pudles, 1977) .
Cases described by linear second, or higher, order differential equations with constant coefficients. If, apart from the protein modification reactions, one or more of the interconversion reactions of eqn. (1) is not a process of rapid equilibrium, but instead it is measurably time-dependent, within the framework of the experimental procedure used, protein modification is described by a differential equation of an order higher than one. The same applies to cases of protein modification co-operativity, i.e., cases where protein modification reactions are in the form of a catenary (every species transformation step is also a modification step). In all of these cases, protein modification reaction curves may be seen to consist of summations of exponentials, the coefficients of which are functions of the rate constants of modification (and also, where this is applicable, of protein species interconversion). (Schnackerz & Noltmann, 1970) ].
When one of the species transformation reactions of eqn. (1) is not a process of rapid equilibrium, this equation reduces to (Rakitzis, 1980a) :
where Aa and Ab are the two sets of species into which the protein species of eqn. (1) are divided by the one measurably time-dependent step, X is modifying agent or ligand, and k,, k2, ka and kb are the respective transformation or modification rate constants. In the case where the time-dependent step is an isomerization step, X is equal to unity.
With time as the independent variable, the differential equations corresponding to eqn. (9) (Bronson, 1973) : (13) where ml and M2 are the roots of the characteristic equation of the differential equation in question. The value of C is found by applying the initial conditions of the experimental situation described by eqns. (10), (11) and (13). Eqn. (13) may be analysed graphically by means of the relationships:
An analysis of the data of Sanner & Tron (1975) , on the modification of the two fast-reacting sulphhydryl groups of phosphorylase b by 5,5'-dithiobis-(2-nitrobenzoic acid), by the procedure outlined above, has been presented (Rakitzis, 1980a) . Some aspects of the relationship described by eqn. (9) have been studied by Childs & Bardsley (1975) . The assumption was made by these authors that the modified protein may further react to produce unmodified protein and X (reversible modification of the protein). The mathematical treatment of this situation involves the solution of a third-order differential equation with constant coefficients. Some of the conclusions of the paper of Childs & Bardsley (1975) have been criticized by CornishBowden (1979) . Studies of a two-site site-oriented model of protein modification co-operativity, with stable as well as with unstable modifying agents, have been presented (Ray & Koshland, 1961; Rakitzis, 1977 Rakitzis, , 1978b . A study of the different possible models of stoichiometric protein modification co-operativity, presenting with a modification curve representing the summation of two exponentials, while the number of residues modified per protein molecule is greater than two, has been made (Rakitzis, 1983a) . Quite often protein modification data, which when plotted according to the method of Ray & Koshland (1961) give different values for the 'fast' and 'slow' reacting sets of residues, for different modifying agent concentrations, have been interpreted to mean the existence of two or more independently reacting sets, i.e., have been interpreted along the lines of eqns. (6)-(8) (see Rakitzis, 1980a) .
If the number of measurably time-dependent interconversion steps in eqn. (1) is greater than one, the order of the differential equation describing protein modification is greater than two. In general, the order of the differential equation describing the -protein modification event is equal to n + 1, where n is the number of measurably timedependent interconversion steps of protein species. It is of interest that algebraic equations, and consequently also differential equations, of an order higher than four cannot be solved analytically (Ayoub, 1982) . A notable exception is the case of consecutive reactions, the roots of the characteristic equation for which are identical with the reaction rate constants (Lachman et al., 1980a,b; Rakitzis, 1983a) . As well as protein modification co-operativity, protein unfolding and refolding may also be described by means of consecutive reactions. An extensive analysis of the kinetics of protein unfolding and refolding has been given by , and Tanford et al. (1973 (1980, 1981) .
(b) The protein is unstable. This case is treated by Haldane (1965) and by Laidler & Bunting (1973) for the case where the enzyme is inactivated by its own substrate, and by Rakitzis et al. (1978) (Laidler & Bunting, 1973) .
Cases described by non-linear differential equations
Because of the extreme complexity in the classification schemes of non-linear differential equations (Davis, 1962) , the brief account of non-linear differential equations describing protein modification reactions given here is based on a factual rather than a formalistic approach.
Cases where the modifying agent concentration is not well in excess ofprotein concentration. Protein modification is described by the classical equations of second-order reaction kinetics (Frost & Pearson, 1961; Latham & Burgess, 1977 ). These equations have been applied in the study of the oxidation of a sulphhydryl group of phosphoribosylpyrophosphate synthetase (Roberts et al., 1975) , the reactivity of the thiol group in human and bovine albumin with 2,2'-dithiopyridine (Pedersen & Jacobsen, 1980) , and the reactivity of sarcoplasmic reticulum adenosinetriphosphatase with a derivative of iodoacetamide (Coan & Keating, 1982) .
Cases where the protein dissociates into monomers (or oligomers) during the course of the modification. Vas & Boross (1972) (1973) . These authors used simplifying assumptions which permitted the linearization of the non-linear differential equations describing these complex models. In stoichiometric protein modification co-operativity, the modification rate constants may be determined by the use of the concentration of the monomodified, dimodified or n-fold-modified protein species. The method is also applicable when the protein modification reaction is a second-order reaction, as well as when it is a first-order reaction (Rakitzis, 1983b) .
Cases where the enzyme is inactivated during the course of enzyme action (suicide substrates). If the enzyme-substrate complex at the catalytic site is inactivated at an appreciable rate, the situation can be represented as: k+,
In this situation of interest is the 'partition ratio', i.e., the P/a ratio, which is constant under all circumstances. Since S, as well as A, are diminished during the course of the reaction, the differential equation describing this reaction is nonlinear. Mathematical treatments of this situation have been presented by Waley (1980) , and by Tatsunami et al. (1981) . 'Suicide substrates' have been the topic of a number of communications, as well as of a symposium (Rando, 1974a,b; Seiler et al., 1978 Kitz & Wilson, 1962; Baker et al., 1962; Schaeffer et al., 1967; Shaw, 1970; Bing et al., 1972; Brake & Weber, 1974; Redkar & Kenkare, 1975; Pavlic & Wilson, 1978; Rakitzis et al., 1978; Connoly & Trayer, 1979 Brocklehurst (1979) has advanced the view that, in all cases presenting with first-order kinetics with regard to modifying agent concentration, the reaction may proceed through the intermediacy of a protein-modifying agent adsorptive complex, albeit this complex may be characterized by a rather large dissociation constant. Brocklehurst (1979) has pointed out that since k+,1 has a probable lower limit of 107M-1-s-1, i.e., a value approaching that of a diffusion-controlled reaction (Hammes & Schimmel, 1970) , the value for the second-order rate constant, for most protein modification reactions so far described, is far smaller than k,+ , a prerequisite for which is that kl2<< k 1, which is the necessary and sufficient condition for the existence of equilibrium (or one of 'quasi-equilibrium', to avoid equivocation) between [AM] , [A] and [M] (eqn. 23). As will be seen from eqn. (12), if k-1 >k+2 (and unless 
This inequality ensures that one of the two exponentials of the equation describing the protein modification reaction disappears early in the reaction, i.e., a steady state sets in, and also that the coefficient of the slower exponential is close to unity. Consequently, the protein modification reaction will, under these circumstances, appear to obey first-order kinetics (Malcolm & Radda, 1970; Cornish-Bowden, 1979; Brocklehurst, 1979 Brocklehurst, , 1982 .
The reaction between protein and modifying agent may involve more than one modifying agent molecule per protein molecule. The reversible binding of two or more micromolecules per protein molecule may be described by the Adair (1925) equation, and also by the co-operativity models developed by elaborations on the Adair (1925) equation by Pauling (1935) , Monod et al. (1965) , and by Koshland et al. (1966) . It appears that, with one notable exception (Levilliers, 1977) , protein modification data have not been treated by any of the procedures described by the authors mentioned above, as has been the case with ligand binding on haemoglobin, or a large number of enzyme proteins (Koshland, 1970; Cornish-Bowden, 1976) . Levy et al. (1963) have used a simplified form ofthe Hill (1913) Levy et al. (1963) has been applied by these authors to the inactivation of myosin adenosine triphosphatase by 2,4-dinitrophenol (h = 3). JEqn.
(26) has also been applied to cases of enzyme inactivation by Cardemil & Eyzaguirre (1979) , Petz et al. (1979 ), Belfort et al. (1980 ), Borders et al. (1982 and Sonderling & Mikinen (1983) .
Rapid equilibrium reactions are of particular interest in cases of protein modification by unstable modifying agents, since in such cases every expression involving modifying agent concentration is converted into a time-dependent factor in the differential equation describing protein modification. The case where k' in eqn. (16) is not linearly dependent on [M] has been treated by Purdie & Heggie (1969) , and by Rakitzis (1974 Rakitzis (1981) .
Ligand concentration
The effect of ligand on the rate of protein modification depends on whether the modification rate of the protein-ligand-modifying agent complex is faster or slower than the modification rate of the protein-modifying agent complex. In the former case the effect of ligand binding on the protein is sensitizing, in the latter case it is a protective effect. Equations describing protective or sensitizing ligand effects have been developed for the former case by Kitz & Wilson (1962) , and for the latter case by Pavlic & Zorko (1978) . A method describing the determination of the dissociation constant for ligand binding to enzyme protein, from initial rates of enzyme inactivation and from the total concentration of ligand added, has been developed by Horiike & McCormick (1980) . Hydrogen ion concentration Protonation of protein nucleophilic groups is a special case of ligand binding. However, as pointed out by Cornish-Bowden (1976) : 'there are several differences between protons and other modifiers that make it worthwhile to examine protons separately. Firstly, virtually all enzymes are affected by protons, so that the proton is far more important than any other modifier. It is far smaller than any other chemical species and has no steric effect'. In the simplest case of covalent modification of one group (or one set of identical groups), of which only the unprotonated, or dissociated, form is reactive, the apparent modification rate constant, kapp., obeys a simple adsorption relationship:
where k is the modification rate constant for the unprotonated form of the group, and Ka is its dissociation constant (Connoly & Trayer, 1979 Belfort et al. (1980) and by S6nderling & Makinen (1983) . If two nonidentical acidic groups react with the modifying agent, the concentration of the reactive, unprotonated or dissociated, form is given by the Michaelis pH functions (Cornish-Bowden, 1976) , and plots of kapp. verus pH are bell-shaped (Lennette & Plapp, 1979) . A study of the pH dependence of covalent modification by two-protonic state electrophiles has been presented by Brocklehurst (1982) .
Plots of fractional enzyme activity versus extent of protein modification (Tsou plots) When enzyme protein modification and inactivation studies are performed on the same preparation, it is possible to correlate the two sets of findings in a plot of fractional enzyme activity versus extent of protein modification. Such plots have been used to obtain, by a process of extrapolation, the maximum extent of protein modification, i.e., the total number of reactive groups per protein molecule. It is common practice to construct and interpret such plots of fractional enzyme activity versus extent of protein modification on an intuitive basis, despite the firm theoretical treatment of this topic by Tsou (1962) , and the elaborations on this by Horiike & McCormick (1979) , Stevens & Colman (1980) , and Rakitzis (1978a Rakitzis ( , 1980b . Tsou (1962) has employed a statistical method of studying the relationship between fractional enzyme activity and extent of protein modification. Tsou (1962) Rakitzis (1980b).] combine statistical and time-dependence considerations when studying the modification of a catalytically active protein. Rakitzis (1978a) has pointed out that, in the case of enzyme protein modification reactions which are described by summations of exponential functions of reaction time, the conclusions of Tsou (1962) can also be arrived at by a juxtaposition of the equation describing protein modification and the equation describing enzyme inactivation. It is accordingly seen that it is wrong to extrapolate the initial portion of the plot of fractional enzyme activity versus number of groups modified per molecule of protein, and interpret the intercept of this on the axis representing the number of groups modified to mean the number of groups of the 'fast' reacting set; an exception to this is strong irreversible binding co-operativity (Rakitzis, 1980b) . This fundamental mistake has also been pointed out by Horiike & McCormick (1979 , and by Stevens & Colman (1980) . A large number of authors have used the plot of fractional enzyme activity versus extent of protein modification to distinguish between 'fast' and 'slow' sets of residues, without a proper analysis of this plot (e.g., Di Pietro et al., 1979; Petz et al., 1979; Bond et al., 1980; de Kok et al., 1980; Huber et al., 1982; Makinen et al., 1982; Inano & Tamaoki, 1983 , as well as the papers cited by Rakitzis, 1980b) . Hypothetical cases of enzyme protein modification which may lead to an erroneous interpretation of Tsou plots are shown in Fig. 1 . As will be seen from Fig. 1 , it may also not be quite safe to use the extrapolation of the final rectilinear portion of the plot on the axis showing number of groups modified, if this last rectilinear portion is not extensive enough: in case (b) of Fig. 1 an erroneous value of 1.55mol of groups modified/mol of protein is obtained, albeit the true value is 2mol of groups/mol of protein.
Thermodynamics of protein modification reactions
The temperature dependence of reaction rate constants yields the values for the enthalpy, as well as for the entropy change, of the formation of the activated complex of the reaction under study (Frost & Pearson, 1961; Gutfreund, 1972; Laidler & Bunting, 1973) . It has been pointed out by Lennette & Plapp (1979) that, in contrast with studies of enzyme catalysis, the thermodynamic parameters for the rate constants of the reaction of modifying agents with proteins can always be compared with the parameters of the reaction of the same modifying agent with small molecules containing the same functional groups as those with which they react in the intact protein. 'Active-site directed reagents resemble substrates in their behaviour towards enzymes: they bind to the active site and their rates of reaction with the enzyme are facilitated, presumably by one or more catalytic factors. Hence, active-site directed reagents can be used to compare an enzymatically facilitated reaction with the same, uncatalysed, chemical reaction.' Consequently, enzyme protein modification may be used to probe into the nature of enzyme catalysis.
Whitaker & Lee (1972) studied the reaction of 2-chloroacetamide with ficin, the rate of alkylation of which is 4-7 times faster in the presence of the inhibitor benzoyl-D-arginine ethyl ester than in its absence. This rate enhancement was found to be due to a more favourable AST, and may accordingly be considered to be due to a conformational change in the enzyme-inhibitor complex. Pavlic (1973) The free energy change difference between a cooperative protein modification reaction, and the hypothetical reaction of the same reactants to form the same products in the absence of co-operative interactions, is a function of the microscopic rate constants of these two reactions (Rakitzis, 1983c) . The free energy change difference between the reaction of a modifying agent and a protein, and the reaction between the same modifying agent with a small molecule or another protein, containing the same functional group, is one example of the more general case of 'linear free energy change differences in a series ofrelated phenomena' (Frost & Pearson, 1961) . A special case of linear free energy change differences is the Br6nsted relationship, i.e., the correlation of the intrinsic reactivity of a functional group with its pKa, i.e., with its nucleophilicity. Br6nsted plots have been presented by Freedman & Radda (1968) , and by Fields (1971) , for the reaction of amino acids and peptides with 2,4,6-trinitrobenzenesulphonic acid, and by Amitai et al. (1976) for the inhibition of cholinesterase by 1,3,2-dioxaphosphorinane 2-oxide derivatives. Inasmuch as studies of this kind allow a distinction between nucleophilic catalysis and general base catalysis, when the attacking nucleophile is part of a catalytic reaction sequence, it is to be expected that studies of free energy change relationships, in cases ofcovalent modification, will be of help in the elucidation of the mechanism of enzyme catalytic action, as well as in the development of high-affinity active-site-directed irreversible enzyme inhibitors.
Conclusion
The kinetics of protein modification, developed over the past 30 years, have mostly dealt with the time dependency of modification reactions rather than, as has been the case with enzyme catalytic activity reactions, with mechanisms involving rapid equilibria. As is seen from the material of this review, the problems of the kinetics of protein modification have developed along the lines of, and share the same peculiarities with, the solution of differential equations, both linear and nonlinear. Clearly, the major problems in the kinetic analysis of protein modification reactions are identification problems, i.e., problems of fitting a set of experimental data to a number of alternative systems of differential equations, representing alternative hypotheses.
The major area of research where further developments in the kinetic analysis of protein modification reactions are to be expected is in the formalistic mathematical treatment concerning problems of subunit association-dissociation with concomitant protein denaturation, i.e., problems formulated with non-linear differential equations. Also, the thermodynamics approach to protein modification will offer further insight into the relationship between chemical structure of modifying agents, as well as of protein reactive groups, and the formalistic kinetics describing the protein modification event. Inevitably, the structurereactivity problems which always have provided, and will continue to provide, the stimulus for the performance of the highly exacting work involved in kinetic studies, are leading, despite the formidable difficulties involved, to a widespread use of quantum mechanical considerations (Holtje, 1974; Richards, 1977) .
